Hydrogen production by dark fermentation is one promising technology. However, there are challenges in improving the performance and efficiency of the process. The important factors that must be considered to obtain a suitable process are the source of the inoculum and its pretreatment, types of substrates, the reactor configurations and the hydrogen partial pressure.
INTRODUCTION
Hydrogen is an alternative energy source, and the only product of its combustion is water. This is one of the reasons why hydrogen is considered the fuel of the future and why extensive research into new technologies to produce it from renewable sources is being conducted (Niu et al. ; Veeravalli et al. ) . Currently, various technologies for producing hydrogen, including thermo-chemical, electrochemical, and biochemical processes, are at different developmental stages (Niu et al. ) . However, most of the hydrogen produced worldwide (95%) derives from steam-reforming processes that use fossil fuels and is generally used as a raw material in the chemical industry (Chaubey et al. ) .
In recent years, the biological hydrogen-production processes have been recognized as 'environmentally friendly' with the potential gradually to become a major hydrogengenerating technology for future development of the green economy (Lee ) . Particularly, the relevant research in dark fermentation using mixed cultures has focused mainly on the key operational parameters and suitable types of reactors (Wang et al. ; Ren et al. ) . Enriching the inoculum of hydrogen-producing bacteria and eliminating hydrogen consumers are factors of considerable importance in the development of a microbial consortium because they may affect the start-up period and the overall efficiency and stability of the entire process (Wang et al. ; Chang et al. ) . Furthermore, in the continuous process, the selective removal or extraction of the hydrogen produced is critical, because high hydrogen concentrations (>60 Pa) can negatively affect the efficiency of this process from a thermodynamic perspective or because of the presence of unwanted microbial communities that consume hydrogen (Angenent et al. ; Kim et al. ) .
During the dark fermentation, the gas produced is a mixture of hydrogen and carbon dioxide. This mixture is not suitable for direct use in fuel cells because the hydrogen concentration is not sufficiently high (<99%) and the carbon dioxide present negatively affects their operation (Lin et al. ) . In this manner, it is necessary to establish an efficient technology that enables a simultaneous production and separation of biohydrogen in a one-step process. Membrane gas separation offers some advantages compared to a traditional gas upgrading process (e.g., pressure swing adsorption (PSA) and cryogenic distillation), such as higher energy efficiency, simplicity in operation, compactness and portability (Shao et al. ) . This technology is easily integrated to other processes, becoming an excellent alternative to be connected to the fermentative process.
This review focuses on the factors affecting the production of hydrogen by dark fermentation, with a special consideration on the hydrogen partial pressure. A particular importance is placed on the advantage of applying and integrating a membrane technology in the production system to develop a simultaneous hydrogen separation. Thus, the purpose of the document is to set the bridge between the bioproduction system and the gas-separation technology, for implementing an integrated production system that we call a 'hydrogen-extractive membrane bioreactor' (HEMB) (Ramírez-Morales et al. ).
DARK FERMENTATIVE HYDROGEN PRODUCTION BY MIXED CULTURES
Biological hydrogen-production processes can be classified as photo-production and dark fermentation. However, dark fermentation achieves comparatively higher production rates. In this respect, the hydrogen production rate based on photobiological processes range between 0.2 and 7.5 mmol H 2 /(L h), while dark fermentation processes yield productivities ranging from 4 to 1,339 mmol H 2 /(L h) (Ren et al. ) . Furthermore, dark fermentative hydrogen production can use inexpensive and accessible industrial/ municipal waste materials as substrates, does not require light, has lower operating costs and can utilize mixed cultures as inocula (Zhang et al. ; Wu et al. ; Kim et al. ; Niu et al. ) . The fact that the raw materials used are industrial wastes is particularly economically attractive, because the generation of a clean energy carrier is combined with the decomposition of organic pollutants (Niu et al. ) . Nevertheless, the composition of municipal waste might be extremely different from region to region. Different types of organic wastes are available depending on the type of region (densely urbanized or agricultural area) and its economic structure (Holm-Nielsen et al. ; Afazeli et al. ; Höhn et al. ) . In this manner, the potential for dark hydrogen production will differ depending on the location, and the challenge is to obtain the substrates for the lowest possible price, or to find the most attractive locations to implement the process.
Additionally, to achieve an efficient and sustainable implementation of a dark fermentation process, it is necessary to consider two important aspects: to enrich and maintain the proper microbial consortium in the mixed culture and to select the best reactor configurations and the most favorable operational conditions.
Enrichment of fermentative hydrogen-producing bacteria
Fermentative hydrogen production can be obtained using pure cultures or mixed microflora. Regarding pure-culture studies, they can expose easily metabolic shifts and information concerning important parameters like hydrogen yield and production rates (Rittmann & Herwig ; Elsharnouby et al. ) . Nevertheless, for economic and technical reasons, because a pure culture is easily contaminated, it is less desirable than mixed cultures when using complex substrates (i.e., wastewater, plant biomass) (Nath & Das ) . In this respect, the positive effect of co-cultures and mixed cultures has been studied for the development of synergies to improve the hydrolysis of complex polymers and maintain the anaerobic conditions for hydrogen production (Yokoi et al. ; Wang et al. ; Seppala et al. ; Elsharnouby et al. ) . In addition, the use of mixed cultures allows the use of non-sterilized substrates and process equipment, being less complex technically and more economically advantageous.
However, the use of mixed cultures entails the risk of the presence or possible dominance of hydrogen-consuming microorganisms, such as methanogens or homoacetogenic bacteria (Hawkes et al. ; Wang & Wan ) . The strategy used to minimize the presence of hydrogen consumers is to pretreat the initial inoculum (pre-treatment) and/or to treat it during the active process (treatment). These procedures include adding chemical inhibitors, applying heat shock, adding an acid or a base, aeration and biokinetic control (Ntaikou et al. ; Wong et al. ) . Table 1 shows a summary of the advantages and disadvantages of inoculum (pre)treatments to eliminate methanogenic organisms that have been reported in the literature. Between the different (pre)treatments described, biokinetic control using low hydraulic retention times (HRTs) seems to be the most technically and economically advantageous. It is possible to obtain enough microbial diversity to develop a stable process by manipulating only the dilution rate in the bioprocess, and because no chemicals or thermal energy are used, this strategy is more cost-effective.
Regarding the selection of inocula, there are many anaerobic organisms which can produce hydrogen from the catabolism of carbohydrates. They possess hydrogenase enzymes that dispose of the excess electrons accumulated. These microorganisms are classified as acidogenic or acetogenic, depending on the substrate that they consume. Because the acidogenic reaction is more thermodynamically favorable than the acetogenic reaction, the acidogenic microorganisms are far more active during a fermentative hydrogen-production process (Valdez-Vazquez & Poggi-Varaldo ; Trchounian et al. ) . Acidogenic bacteria produce hydrogen and carbon dioxide as main gas products. In addition, depending of the specific microorganisms and the environmental conditions involved, they also produce different amounts of liquid metabolites such as some organic acids (i.e., acetic, propionic, formic or butyric acid) and/or solvents (i.e., ethanol and butanol). In general, they can be classified as obligate or facultative anaerobes (Madigan et al. ; Mathews & Wang ) . These two groups of microorganisms possess particular metabolic pathways in which different types of enzymes and coenzymes are involved, which lead to differential yields of hydrogen. The corresponding biochemical pathways are shown in Figure 1 . The pyruvate ferredoxin oxidoreductase (PFOR) pathway is common in strict anaerobes, while the pyruvate formatelyase (PLF) pathway can be found in facultative bacteria. In the former pathway, the pyruvate degradation is catalyzed by PFOR, which generates a reduced ferredoxin (Fd red ) molecule. The hydrogen generation occurs when the reduced protein transfers the electrons to ferredoxin-dependent hydrogenase (Fd-[FeFe] ). During conventional hydrogen production achieved using microorganisms with an active PLF pathway, degraded formate is converted to H 2 and CO 2 via catalysis by formate hydrogen lyase (FHL) (Angenent et al. ; Hallenbeck et al. ) . The correct performance of these metabolic pathways depends on the established environment in the culture. The control and regulation of the activity parameters (i.e., pH, substrate concentration, product concentrations and temperature) of the enzymes involved will be crucial to sustain both metabolisms, necessitating a complex but robust process which can deal with a variety of substrates and possible disturbances.
Reactor configurations and key operational parameters
The reactor configuration influences the microenvironment that it is established in the culture. In general, the production of hydrogen has been studied mainly in batch, fed-batch and continuous modes of operation (Hawkes et al. ) . The former has been investigated most often to elucidate the biohydrogen production potential, the optimum temperature values, the effect of gas pressure and the effect of agitation (Rittmann & Herwig ) . However, during a batch hydrogen production is not possible to monitor continuously the stability by external disturbances or when the continuous removal of metabolic products (from the gas or liquid phases) is desired. The fed-batch fermentation has a limited number of studies. In this case, the culture leads to accumulation of the end products, which strongly affects the biochemical pathways and thus the correct growth of the fermentative bacteria (Rittmann & Herwig ). The continuous operation is considered more feasible for an industrial-scale process. In general, continuous-mode experiments have been conducted using chemostats (continuous stirrer tank reactors, CSTRs), due to the simplicity of their construction and operation, and the methane production on certain substrates (Hawkes et al. ; Guo et al. ) .
In this type of reactor, the HRT is the same as the solids retention time. When the bioprocess is carried out with mixed microflora, the bacterial culture can be manipulated through the dilution rate and a low HRT prevented methanogenic activity in the system (see Table 1 , Biokinetic control by low HRTs (Guo et al. )).
Other types of reactors that are commonly used to produce methane have also been tested for hydrogen production. These reactors include those that use a granular sludge or biofilm, which necessitates longer cell retention times, which in the short run enables higher organic loading rates (OLRs) due to the higher biomass concentrations achieved. However, in the long run, this type of process promotes the development of methanogenic microorganisms or other hydrogen consumers ( . Although the HEMB is not a membrane bioreactor that retains biomass, this configuration allows simultaneous hydrogen extraction and purification as the membrane is in contact with the gas phase of the continuous culture. More details about how this reactor configuration can be implemented are provided in the later section on 'Simultaneous extraction and separation of fermentatively produced H 2 using membrane systems'.
The operational conditions of continuous bioreactor systems have been widely studied. For selecting and maintaining the hydrogen-producing communities various key parameters must be established. The pH parameter has a critical role, keeping a sustainable growth of the bacteria and their enzyme activities and avoiding the development of non-desirable microorganisms. Optimum pH values range from 5.5 to 6.0. Furthermore, the pH as a key parameter is the only which directly influences the hydrogenase activity (Kothari et al. ) . The study of the influence of temperature on the mixed cultures has been conducted mainly at mesophilic (20-44 W C) and thermophilic (45-80 W C) conditions. In general, the studies have found superior yield values using thermophilic strains. However, mesophilic cultures present significant evidence that they benefit the hydrogen evolution rate (Rittmann & Herwig ) . The HRT is crucial to maintain a proper microbial community, but a careful operation must be addressed for avoiding very short HRTs that may wash out the hydrogen-producing biomass. The effect of the OLR on the hydrogen production has also been studied. In general, the hydrogen production rate increases with the OLR until a maximum value. After this maximum, the reactor enters an overloading condition, which is caused by low HRT and/or substrate saturation ( Finally, another relevant key operational parameter in terms of its effect on the hydrogen production yields is the hydrogen partial pressure, which will be addressed in the next paragraphs.
Effect of reducing the hydrogen partial pressure
In a well controlled and common anaerobic digestion process (in a methanogenic reactor), H 2 -utilizing microorganisms are able to maintain a low hydrogen partial pressure. However, during the hydrogen-production stage (the fermentative step of anaerobic digestion), most of the processes and/or microorganisms that consume hydrogen are eliminated or inhibited. The final effect is an accumulation of hydrogen in the culture, which negatively affects the yield and productivity of the process. ) to produce molecular hydrogen. The generation of hydrogen is thermodynamically favorable only under certain low-pressure conditions. When the hydrogen partial pressure is less than 0.3 atm (3 × 10 4 Pa), hydrogen generation is conducted via Fd red , although this pressure value can be higher if the Fd red to oxidized ferredoxin ratio is more than 1. In this step, it is possible to produce 2 moles of H 2 /mole of glucose due to the oxidative decarboxylation of pyruvate by PFOR, which is able to reduce Fd. The final reduced product is butyrate (Figure 2(a) ). In some cases, NADH can also be used in H 2 production, but a very low PpH 2 (<60 Pa) must be achieved, similar to that found in the natural and well controlled processes of anaerobic digestion. In this case, the excess NADH is used by another enzyme (NADH-[FeFe] hydrogenase) to produce an additional 2 moles of H 2 . In this way, it is possible to achieve a final yield of 4 moles of H 2 /mole of glucose and acetate as an end-reduced product (Figure 2 (b)) (Angenent et al. ) . However, such a condition is not frequent in fermentative hydrogen systems, and almost all the NADH produced will be oxidized through other fermentation pathways, such as butyrate or ethanol fermentation. According to this, an alternative method for decreasing the hydrogen concentration in the culture is necessary. In a continuous system, the simultaneous extraction of the hydrogen generated could achieve favorable conditions for the catalysis of some of the enzymes above mentioned. Some strategies exist for reducing the effect of hydrogen accumulation during the process. Most of them consist of applying a vacuum on the headspace of the reactor and sparging with different gases, such as N 2 , CO 2 , CH 4 or biogas. Using some of these strategies, the hydrogen yields were increased due to the dilution of the H 2 concentration (Table 2 ). However, none of the strategies reduces the hydrogen partial pressure sufficiently for hydrogen production via NADH-[FeFe] hydrogenase. Therefore, the increase in hydrogen yields has been attributed, in some cases, to better substrate use by active hydrogen-producing microorganisms due to less competition with other microbial communities (Kim et al. ) . However, this type of strategy is not economically feasible because the outlet gas is highly diluted, which complicates the upgrading and separation steps of the entire process. In a study performed by Tapia-Venegas et al. (), a two-stage CSTR system was evaluated as to decreasing the hydrogen partial pressure. This system configuration resembles a plug-flow reactor, which performs better when there is product inhibition due to high concentrations of hydrogen. However, the results showed that the increase in the production in the second reactor was due to the amount of hydrogen produced in the first one, which ) was desorbed from the liquid phase. Increasing the volumetric mass transfer coefficient from liquid to gas (k L a) by stirring and/or raising the temperature of the mixed cultures is another method to counteract the negative effect of the hydrogen partial pressure. According to this, it could be possible to implement thermophilic cultures in order to promote the decrease of the hydrogen concentration in the liquid phase. However, more studies are necessary to elucidate the real effect of the temperature on the hydrogen concentration in the liquid phase, as it has been found that hydrogen supersaturation is inevitable in practice in mesophilic cultures, but also under thermophilic conditions (Zhang et al. ) .
Finally, an innovative alternative for removing hydrogen during a continuous fermentation process consists of integrating the membrane technology to the biological system. Membrane systems can be used for continuous and selective hydrogen extraction. Furthermore, instead of diluting hydrogen in the outlet stream as the sparging methodologies offer, with the gas membrane technology, it is possible to separate the biogas components (mainly H 2 and CO 2 ) and achieve a richer hydrogen gas. This possibility allows fuel cell applications to be integrated into the biological system. In the next sections, the possibility of simultaneous extraction and separation of hydrogen from a fermentative process using membranes is explored.
MEMBRANE TECHNOLOGY TO SEPARATE THE GAS MIXTURE H 2 /CO 2
Hydrogen recovery/purification is fundamental to supply the needed requirements of different applications. For example, the fuel cell technology is dramatically dependent on the high purity of hydrogen (99.99%). Nowadays, hydrogen is mainly produced from natural gas via steam methane reforming followed by the water-gas shift reaction (WGSR) process. Since the final product is a gas mixture of H 2 and CO 2 , an effective separation is of major importance. There are various technologies to enrich hydrogen including cryogenic distillation and PSA. However, because both these processes are energy intensive, the study and application of alternative separation technologies (like gas membrane separations) have been focused on the technical and practical requirements to achieve a competitive system (Shao et al. ) .
In recent years, the use of membrane systems for H 2 separation during conventional production processes has attracted great interest. Researchers have tried to couple membrane modules with reactors to implement a hydrogen-extractive membrane reactor and improve the WGSR process (De Falco ; Mendes et al. ) . This type of reactor has many advantages for promoting reactions using a thermodynamic equilibrium controlled mechanism (Bastidas-Oyanedel et al. ). Thus, the continuous removal of products leads to an increase in their formation, shifting the equilibrium to the product side of the reaction. As mentioned above, the implementation of membrane technology for fermentative hydrogen separation could counteract the negative effects of H 2 accumulation during the process. Such a system can facilitate the integration of other processes, such as direct applications (i.e., fuel cells that produce electricity). Furthermore, the liquid phase, in which a mixture of fermentative by-products is present, could serve as a precursor for various biorefinery processes. The scheme of this integrated system is presented in Figure 3 and will be explained in more detail in the section on 'Simultaneous extraction and separation of fermentatively produced H 2 using membrane systems'.
Membrane-based gas separations
A membrane is a thin barrier that acts as a physical barrier enabling selective transport of substances. The basic separation process through a membrane is shown schematically in Figure 4 . Usually, the driving force is pressure or concentration gradient across the membrane, and the separation occurs between two phases (retentate and permeate). Membranes for gas separation can be classified into inorganic, organic or hybrids of them. Inorganic membranes are made of metallic and ceramic materials, while organic There are two important parameters to describe and characterize the separation properties of the membranes: permeability and selectivity. The former is used to indicate the capability of a membrane for processing the permeate. Membranes with high permeability have high productivity.
The permeability of a gas component through a dense membrane can be obtained as follows:
where P i is the permeability of component i, l the thickness of the dense layer, Q p the gas flow rate in the permeate stream, y i the mole fraction of component i in the permeate, A the effective permeation area and Δp i the trans-membrane partial pressure of component i through the membrane. Generally, the permeability is expressed in units of Barrers (1 Barrer ¼ 3.35 × 10 À16 mol m/(m 2 s Pa)). The measure of the effectiveness in membrane separation is given by the selectivity. High selectivity means high ability to separate a desired component from the feed mixture. In other words, the selectivity is a measure of the difference in permeabilities. It is possible to distinguish two types of selectivities: ideal selectivity and separation selectivity. Ideal selectivity (α ideal i=j ) is usually used in singlegas permeation tests. It is defined as the ratio of the individual permeabilities of each pure gas:
Alternatively, the separation properties can be measured by the separation factor as the ratio of compositions of the components involved:
where Y i and Y j are the fractions of components i and j in the permeate and X i and X j are the fractions of the components i and j in the feed.
Types of membranes to separate H 2 /CO 2 gas mixtures
Most membranes designed for separating hydrogen from a H 2 /CO 2 gas mixture in thermo-catalytic processes consist mainly of thermo-stable inorganic material. In this case, metallic membranes (most of them composed of palladium) are typically used in water-gas shift membrane reactors at high temperatures (i.e., approximately 800 W C) to achieve the continuous removal of the hydrogen produced (Lukyanov et al. ) . Conversely, the membrane systems for biohydrogen separation must be different from those utilized in thermocatalytic processes because the biological reactions occur close to ambient temperatures. commercial polyimide-type polymers have been used to prepare membranes for different applications (Grosso et al. ) . Furthermore, in biohydrogen separation, some studies have been started to evaluate commercially available polyimide membrane modules. In this case, Bakonyi et al. (b) attempted to separate biohydrogen in mixed gas measurements using a membrane module from UBE Industries Ltd. Contributions such as these suggest polymeric membranes to be feasible for H 2 separation during a biological process.
SIMULTANEOUS EXTRACTION AND SEPARATION OF FERMENTATIVELY PRODUCED H 2 USING MEMBRANE SYSTEMS
Although, it should be possible to apply technologies for hydrogen separation similar to those used for methane separation (scrubbing, PSA, and cryogenic separation), the conventional separation processes are highly energy intensive and make the biological hydrogen-production process impractical. Membrane technology is an excellent alternative to conventional separation processes, with a great potential to achieve biohydrogen separation because it offers a simpler mode of operation, compactness and portability and it exhibits higher energy efficiency (Pandey & Chauhan ; Shao et al. ) . Various studies on separating and purifying hydrogen that was obtained from dark fermentation or other biological processes have been conducted, mainly using polymeric membranes (Table 3) .
Studies related to biohydrogen purification using membrane technology
In general, studies on the use of gas membranes for biological hydrogen purification have been accomplished with dense or porous polymeric membranes. Contactors (membrane systems with CO 2 liquid absorbents), support ionic liquid membranes (SILMs) and conventional porous or non-porous polymeric membranes have been used. Most of the studies included permeation and separation experiments using synthetic mixtures of H 2 , N 2 , and CO 2 , simulating the compositions commonly found in biological processes. In some cases, N 2 separation was studied due to its occasional use in sparging, with the aim of decreasing the hydrogen partial pressure by gas dilution. Studies in which membrane modules were directly coupled to hydrogen bioreactors are unusual and only minimal explanations of the operation and behavior of integrated systems have been provided. Continuously operating separation systems integrated with continuous cultures for hydrogen production have not been widely reported to date. However, one remarkable approach was presented by Ramirez-Morales (). This study examined the behavioral operation of a continuous fermentation coupled to two membrane modules, which were able to extract and partially separate the hydrogen that was biologically generated. Furthermore, the hydrogen yield was increased by 16.3% and the system generated a final hydrogen-enriched biogas of 68% (v/v), which in turn was fed to a demonstration laboratory-scale fuel cell.
Other representative studies concerning the application of membrane technology for the separation of biologically produced H 2 are listed in Table 3 . Techniques for separating hydrogen from the gas phase of growing cultures have been developed using contactor membrane modules with a flat-sheet configuration and moving liquid carriers, such as CO 2 absorbers. Contactors consist of membrane systems that use absorption-desorption processes. It was reported that an active membrane system can recover hydrogen with a purity of 90% (Teplyakov et al. ). In a similar study conducted by Gassanova et al. () , hydrogen was separated from a gas mixture consisting of H 2 /CO 2 /CH 4 using membrane contactors and selective membrane valves. The integrated membrane laboratory system that these authors developed effectively recovered methane (>95% purity) and hydrogen (>90% purity). Other attempts to develop a membranebioreactor integrated system were reported by Horvath et al. (), who built a separation system for a H 2 /N 2 mixture, simulating a gas stream from the culture of anaerobic cyanobacteria, Thiocapsa roseopersicina. In another work, Bélafi-bakó et al. () coupled a fermentative hydrogen production using Thermococcus litoralis with two membrane modules. This system led to the release, compression and storage of a biogas mixture (H 2 , CO 2 and N 2 from sparging) produced from a batch reactor. They obtained an increase in hydrogen composition from a value of 23% to a value of up to 73% (v/v) by a combination of two polymeric membrane modules (polyethersulfone-polyimide PES-PI and high-density polyethylene, HDPE). Another approach regarding the integration of a bioreactor and membrane technology was achieved by Bakonyi et al. () . They obtained kinetic growth parameters from a culture of a hydrogen-producer strain, Escherichia coli XL1-BLUE. At the same time, a polyimide membrane to separate a synthetic biogas mixture of H 2 /CO 2 (55/45% v/v) was evaluated. They found that the highest H 2 /CO 2 gas selectivity (1.62) could be achieved at 2.2 bar and 55 W C under a recovery factor of 0.6. Another gas membrane technology tested for biohydrogen separation was based on supported ionic liquids and has been combined with membranes (SILMs) (Neves et al. ) . Nevertheless, none of the above-mentioned membranes have been considered for continuous and selective extraction of hydrogen to reduce its negative effect on the biological process, except that Ramirez-Morales () reduced the H 2 partial pressure from 55 to 50% (v/v) inside the reactor.
Regarding this matter, some studies have evaluated gas extraction from the liquid phase. Zheng et al. () investigated the utility of various porous membranes for H 2 extraction and tried to keep the partial pressure sufficiently low to enable acetate oxidation for the formation of H 2 and CO 2 (in this case, a hydrogen partial pressure of 10 to 20 Pa was necessary). Diffusion models that were proposed and experimental permeability measurements showed that membranes could be viable components of the system although acetate-oxidizing microorganisms must be in direct contact with the membrane surface. In another study, utilizing batch fermentation, Liang et al. () evaluated the effectiveness of a silicone membrane (PDMS) for biogas extraction from the liquid phase. They concluded that it was possible to reduce the partial pressure of the biogas in the liquid (31.4 kPa for H 2 ), which increased H 2 productivity and yield by 10 and 15%, respectively.
Hydrogen-extractive membrane bioreactor
As described above, most of the studies relating to the application of gas membrane technology to biohydrogen separation have been conducted using synthetic gas mixtures similar to those produced during the biological process. Only some studies have coupled membrane modules to bioreactors, but all of them were operated in the batch mode. This mode of operation does not permit continuous extraction of hydrogen from the culture. Considering the lack of experimentation on continuous gas membrane extraction from a fermentation culture, it is necessary to evaluate the behavior of the membranes and the response of the acidogenic bacterial culture. In this regard, a HEMB could be implemented (Figure 3 ). This concept has been proposed in two recent articles as a potential configuration for simultaneously extracting and purifying hydrogen (Bakonyi et al. a; Ramírez-Morales et al. ) . The CO 2 in this concept enables decrease of the hydrogen partial pressure inside the reactor and the residual amount could serve for carbon sequestration (e.g., microalgae cultivation). Additionally, it has been suggested that CO 2 could present an inhibitory effect on hydrogen-consuming microorganisms (Mizuno et al. ; Kim et al. ; Willquist et al. ) , increasing the yield and productivity when the mixed culture is exposed to it.
To achieve an appropriate implementation of gas membrane technology into a fermentative system, it is necessary to select the correct membrane material, membrane module configuration, and integrated process design for proper system operation.
Membrane materials, module design and configuration
The selection of membrane materials to separate the binary mixture of H 2 /CO 2 depends on which chemical structures are able to separate the compounds under ambient conditions (pressure and temperature, similar to those found in mesophilic fermentation). Polymers are one of the membrane materials that can be used for this purpose. However, they are limited by a trade-off of two key parameters for gas separation: the permeability of a specific component of the gas mixture and the separation factor. Generally, the separation factor decreases with the increase in permeability of the more permeable gas component. This trade-off involves the correlation between permeability and selectivity, which is determined by an upper-bound relationship described by Robeson et al. () . This relationship sets limits for conventional polymeric gas membranes. As polymers are one of the most effective materials for profitable biohydrogen separation, Robeson's upper bound must be considered when selecting the membrane material. In general, the H 2 /CO 2 selectivities of actual polymeric membranes are low (less than 10 (Shao et al. )) and it may be difficult to achieve the desired hydrogen concentrations to maintain a low partial pressure during continuous extraction. However, in recent years, there have been advances and improvements in membranes with high selectivities, such as membranes composed of modified polymers or mixed-matrix membranes (Khan et al. ) , which should also be considered.
Although it is difficult to achieve the very low pressures needed to overcome the thermodynamic limit, polymeric membranes could decrease hydrogen concentrations or maintain concentrations that are sufficiently low to avoid possible changes in the metabolic pathways involved in the production of ethanol, acetone or butanol. Maintaining low hydrogen concentrations via polymeric membranes could achieve a process with a constant and stable electron flow from Fd red to H 2 by (Fd-[FeFe]) hydrogenase, which in turn could maintain a yield close to 2 moles of H 2 /mole of glucose. The approach of Ramirez-Morales (), who used two polymeric membrane modules, may be a proof of this. The operation of the CSTR with and without the membranes showed that, in addition to the change in the hydrogen yield, there was a shift in the metabolites present in the liquid phase.
Regarding the design of the membrane module, there are three major modules for gas separation: flat sheet, spiral wound, and hollow fiber modules. For biohydrogenseparation applications, hollow fibers could be much more effective than the other two mentioned. In fact, hollow fibers have already been used in some of the studies mentioned in Table 3 . This configuration of a membrane module gives a high area per volume ratio, which leads to a high packing density, which is an advantage for membranes with high selectivity but low permeability. In general, hollow fiber membranes are easy and inexpensive to manufacture, but it is necessary to minimize non-ideal effects, such as concentration polarization and pressure losses. However, it may be difficult to avoid both of these effects, because reducing pressure losses could increase the concentration polarization. In addition, it is very important to consider those effects when estimating the parameter values, otherwise the permeation characteristics may be underestimated (Wang et al. ) . There have been some advances in module designs that could play an important role for the implementation of membrane technologies in gas-separation systems. To decrease the effect of concentration polarization, Avila et al. () inserted Teflon spacers within the membrane tube, which increased the CO 2 /CH 4 selectivity by 160%. To obtain the best separation performance, certain operational parameters must be considered as well. The configuration of the flow through the module (co-current, counter-current and cross-flow) and the location of the feed stream are particular aspects that must be addressed.
Process design for the integration of the bioreactor and the gas membrane technology
To establish a continuous hydrogen-extractive process for a fermentative culture, the operational parameters of each unit (i.e., bioreactor and membrane module) must be previously defined and optimized. However, considering these units separately is not adequate when the objective is to integrate both processes. As mentioned in previous sections, the key bioreactor operational parameters, such as the organic or hydraulic loading rates, are critical design factors for the fermentative process. Furthermore, defining the values for the operational parameters, such as the HRT in CSTRs, the temperature, the mixing rate and the pH at which the fermentative process behaves appropriately, allows estimation of hydrogen productivity, which is crucial to select the proper membrane material. Once the ranges of biohydrogen production rates are clear, the best membrane material with the corresponding properties (permeability and selectivity) to separate those gas flows must be selected. With these operational parameters (membrane and bioreactor) it is possible to obtain the proper membrane-module area for a specific separation and application (e.g., fuel cells). The membrane module must be evaluated previously to optimize the separation with similar gas mixtures (Ramirez-Morales et al. ).
In brief, the proposed technology (HEMB) offers the potential advantage of diluting the biohydrogen generated, and, due to its reduced concentration, higher activity of the selected hydrogen-producing consortia is expected. Furthermore, hydrogen purification can be performed as well in a one-step process. In addition, the utilization of hollow fiber modules made of polymeric materials, working at mild temperatures (less than 100 W C), offers a simple flow scheme, commercial availability, operational simplicity, and reduced power consumption and is advantageous where the space efficiency is necessary. This is very attractive if the model proposed is a decentralized biohydrogen energy production. However, there are limitations to overcome. Some disadvantages such as CO 2 -induced plasticization, concentration polarization and pressure drop within tubular configurations must be assumed (Ramírez-Morales et al. ). Additionally, to integrate both processes, factors such as substances present in the produced biogas that degrade the membrane and external disturbances in the biological and/or gas membrane process must also be addressed. The presence of various components in the gas produced during fermentation (i.e., siloxanes, NH 3 , CO and H 2 S) depends on the process performance and the presence of compounds such as detergents, proteins and sulfates in the liquid phase. Furthermore, the biogas produced is saturated with water vapor, which introduces resistance to permeation at the membrane surface. Members of this large group of compounds could have a negative effect on membrane performance, cause corrosion or poison a catalyst in a subsequent application unit (i.e., engines or hydrogen fuel cells). The removal of these non-desired components could be accomplished in an adsorption process using activated carbon or in absorption processes using water or chemicals. The water content can be removed using condensation methods or by adsorption to dry components such as silica. Cold traps can be used as condensation units. Another important factor to consider is an external disturbance, such as a change in the substrate concentration or the temporary presence of toxic compounds in the inlet stream. Such phenomena could lead to non-desirable operational conditions within the bioreactor. Therefore, feed pressure pumps and effective pressure control strategies are needed to avoid creating a vacuum or overpressure in the headspace of the biological reactor when the membrane module is connected. Finally, the real application of the gas-extractive fermentation process based on membrane modules should be further assessed using versatile module configurations, e.g., multi-step and recycling designs, to optimize the efficiency of the overall hydrogen generation and separation system.
CONCLUSION
Several major factors affect hydrogen production by the dark fermentation process, including the enrichment of inocula, the reactor configuration, and the hydrogen partial pressure. However, the negative effect of the latter could be decreased by coupling a continuous gas membrane system for the extraction-separation of the biogas generated in the bioreactor. Thus, designing and selecting the right operational conditions and developing efficient extractionseparation technologies are crucial for establishing an effective system. New methodologies for the continuous extraction-separation of hydrogen using polymeric membranes could play important roles in establishing such an efficient hydrogen production-separation process. From this perspective, a consortium of microorganisms with metabolic machinery targeted to generating hydrogen could be established and could generate a stable and robust hydrogen-production process coupled to an extractionseparation step. The entire system has great potential for the production of bioenergy (electricity) in direct applications, such as in hydrogen fuel cells. However, special care must be placed on the selection of the correct membrane modules, external disturbances, process control and the configuration of the entire process.
